Two mutants of Saccharomyces cerevisiae affected in peroxisomal assembly (pas mutants) have been isolated and characterized. Each strain contains a single mutation that results in (i) the inability to grow on oleic acid, (ii) accumulation of peroxisomal matrix enzymes in the cytosol, and (iu) absence of detectable peroxisomes at the ultrastructural level. These lesions (pasl-l and pas2) are shown to be nonallelic and recessive. Crossing of pasi-l and pas2 strains resulted in diploid cells that had regained the ability to grow on oleic acid as sole carbon source and to form peroxisomes. These pas mutants may provide useful tools for future studies on the molecular mechanisms involved in peroxisomal assembly. Eukaryotic cells maintain a proper level of biochemical compartmentation by means of various distinct subcellular organelles. Peroxisomes represent a class of such organelles. They are widely distributed in eukaryotic organisms, including fungi, and are involved in a variety of metabolic processes (1-4). Their ubiquitous presence indicates that peroxisomes may fulfill a number of essential functions in the cells (2-5). In recent years, the importance of peroxisomes for mammalian cells has also become clear (6, 7) . This is especially emphasized in a newly recognized class of inborn human diseases, the peroxisomal disorders (8, 9). Dysfunction of peroxisomes in humans usually has profound clinical consequences.
accumulation of peroxisomal matrix enzymes in the cytosol, and (iu) absence of detectable peroxisomes at the ultrastructural level. These lesions (pasl-l and pas2) are shown to be nonallelic and recessive. Crossing of pasi-l and pas2 strains resulted in diploid cells that had regained the ability to grow on oleic acid as sole carbon source and to form peroxisomes. These pas mutants may provide useful tools for future studies on the molecular mechanisms involved in peroxisomal assembly. Eukaryotic cells maintain a proper level of biochemical compartmentation by means of various distinct subcellular organelles. Peroxisomes represent a class of such organelles. They are widely distributed in eukaryotic organisms, including fungi, and are involved in a variety of metabolic processes (1) (2) (3) (4) . Their ubiquitous presence indicates that peroxisomes may fulfill a number of essential functions in the cells (2) (3) (4) (5) . In recent years, the importance of peroxisomes for mammalian cells has also become clear (6, 7) . This is especially emphasized in a newly recognized class of inborn human diseases, the peroxisomal disorders (8, 9) . Dysfunction of peroxisomes in humans usually has profound clinical consequences.
Zellweger syndrome was the first of these peroxisomal disorders to be reported (10) and appears to be caused by a single recessive mutation that abolishes the import of proteins into the peroxisomal matrix (11) . However, the components ofthe peroxisomal import machinery are still entirely unknown.
Yeast mutations have been very successfully used for the dissection of many complex cellular phenomena, such as the cell cycle (12) and the secretory pathway (13) . Since it is possible to induce a pronounced peroxisomal proliferation in Saccharomyces cerevisiae (14) , this yeast should be useful for the molecular analysis of the biogenesis of peroxisomes.
In an approach to analyze sorting of peroxisomal proteins, we have set out to find yeast mutants impaired in peroxisomal functions. Here, we report the occurrence of such mutants among strains of S. cerevisiae that lost the capacity to grow on oleic acid. Emphasis is placed on the isolation and initial characterization of mutants that completely lack detectable peroxisomes.
MATERIALS AND METHODS
Yeast Strains. S. cerevisiae strains were used for mutant isolation and crossing experiments: X2180-1A ( (15) . The survival rate was -50%. Expression of mutations was allowed by overnight growth on YNB medium. After 12 hr of preincubation on selective YNO medium, a nystatin enrichment was performed for 90 min at an antibiotic concentration of 10 gg/ml (16 (17) . Protein was measured by the method of Bradford (18) with bovine serum albumin as standard.
Fractionation of Yeast Cells. Yeast cells grown on induction medium for 17 hr were converted to spheroplasts essentially as described (19) . To digest the cell wall, Zymolyase 100,000 (Sigma) was used at a final concentration of 25 units per g of cells (wet weight). All subsequent steps were carried out at 4°C. For homogenization, the pelleted and washed spheroplasts were resuspended in 5 mM Mes buffer (pH 6.0) containing 0.5 mM EDTA, 0.6 M sorbitol, and 1 mM phenylmethylsulfonyl fluoride and lysed in a Potter-Elvehjem homogenizer with a tightly fitting Teflon pestle by 10 strokes at 1200 rpm. After centrifugation at 1500 x g for 5 min to remove cell debris, the pellet was resuspended in the same buffer and subjected once more to the same homogenization procedure. The two 1500 x g supernatants were pooled and Abbreviation: DAB, diaminobenzidine.
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centrifuged at 25,000 x g for 15 min. The resulting pellet and supernatant were taken for enzyme measurements.
Electron Microscopy. Catalase cytochemistry was performed on intact cells, prefixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 1 hr at 0C, with the conventional 3,3'-diaminobenzidine (DAB) technique described (20) . Controls were performed (i) in the absence of substrate, (ii) in the presence of50 mM 3-amino-1,2,4-triazole as an inhibitor of catalase activity, or (iii) in the presence of 6 mM KCN to inhibit peroxidase activities.
Intact cells were fixed (or postfixed after cytochemical staining experiments) in 1.5% KMnO4 for 20 min at room temperature. After poststaining in 1% uranyl acetate in distilled water for [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] hr, the samples were dehydrated in a graded ethanol series and embedded in Epon 812. Ultrathin serial sections were cut with a diamond knife, mounted on Formvar-coated single hole grids, and examined in a Philips EM 300 without further staining. The volume fraction of peroxisomes was determined on the sections of KMnO4-fixed cells as described (21) . (14, 22) , peroxisomal proliferation in all mutant strains was markedly affected and ranged from 1% to 10% of the peroxisomal volume fraction normally detected in the wild-type strain under identical conditions (14) . Among the mutants, four strains were detected, which completely lacked recognizable peroxisomal structures. Two examples, pasl-J and pas2 mutants (see Genetic Analysis), are shown in Figs. 1 and 2. Fig. 1A shows the typical substructure of wild-type S. cerevisiae grown on oleic acid as the source of carbon and energy. Besides the usual cell organelles such as nucleus, vacuoles, mitochondria, and endoplasmic reticulum, the cells are characterized by the presence of many peroxisomes. These organelles are generally randomly distributed throughout the cytoplasm. In addition, many lipid droplets are present. However, peroxisomes as described above could not be detected in ultrathin sections of KMnO4-fixed pasl-l (Fig. 1C) and pas2 mutants. Serial sections of both strains were prepared, which enabled us to establish that peroxisomes or peroxisome-like organelles are lacking in both glucose-grown (used as an inoculum) and oleic acid-induced cells of both mutant strains. In contrast, in the diploid crossed strain (pasl-J x pas2) peroxisomes were again readily detectable (Fig. 1B) .
RESULTS

Isolation of Mutants
As shown before (14) , peroxisomes in oleic acid-grown cells of S. cerevisiae are characterized by the presence of catalase and enzymes of the p-oxidation cycle. For this reason, we used catalase as a marker enzyme for an additional cytochemical screening for the presence of peroxisomes. As shown in Fig. 2A , the peroxisomes in wild-type cells are densely stained after incubations for the detection of catalase activity with DAB and H202; similar results were obtained in the diploid crossed strain (pasl-J x pas2) (Fig.  2D) . In controls, in the absence of substrate or in the presence of aminotriazole, the microbodies remained unstained (Fig. 2  A and D Insets) . However, in both pas mutants catalasepositive particles could not be detected, despite extensive search by serial sectioning (Fig. 2 B and C) . As a further control for our screening procedure, we also used wild-type cells from the exponential growth phase on glucose, which are known to contain very few small peroxisomes. Also in these cells, densely stained peroxisomes were readily detected after the DAB procedure (Fig. 2B Inset) (14) . To determine their subcellular localization in the mutant strains, fractionation studies were performed. 3-Oxoacyl-CoA thiolase, a component of the peroxisomal p-oxidation system in yeast (14, 23) , and catalase were used as peroxisomal marker enzymes (14) , while fumarase was a measure of the intactness of mitochondria. These results, presented in Table 1 , show that in the wild-type strain and the cross of both peroxisome-deficient mutants, the bulk of the activities of 3-oxoacyl-CoA thiolase, catalase, and fumarase were sedimentable and present in the 25,000 x g pellets, indicating their particulate nature. However, after differential centrifugation of lysates of both mutant strains the predominant part of the thiolase and catalase activities were detected in the 25,000 x g supernatant, whereas fumarase was still sedimentable (Table 1 ). These data indicate that both peroxisomal enzymes, in contrast to fumarase, were present in the cytosolic compartment of the peroxisome-deficient mutants. This conclusion is in agreement with known properties of catalase, which is made on free polysomes and imported into peroxisomes posttranslationally from the cytosol (24) . Moreover, catalase is known to be assembled in the cytosol in an active form in Zellweger cells (25) (26) (27) .
Genetic Analysis. Four different strains lacking peroxisomes were isolated by the methods described above from 32 strains that did not grow on oleic acid. They were termed pas mutants because of the absence of peroxisomes and the accumulation of peroxisomal matrix proteins in the cytosol, which implies a defect in peroxisome assembly.
Complementation analysis of these four pas strains with respect to their inability to grow on oleic acid defined three complementation groups. The mutants were designatedpasi-1, pasl-2, pas2, and pas3. In the case of pas3, the meiotic segregation behavior revealed that it carried more than one mutation for preventing growth on oleic acid. Hence, this strain is not considered further in this report. In addition, the pasl-2 strain is not further characterized.
Inheritance of the mutation in pas]-J and pas2 strains indicated that in both this trait is inherited as a single genetic All strains were grown in induction medium for 17 hr. This medium contained 0.67% yeast nitrogen base without amino acids, 0.5% yeast extract, 0.5% peptone, 0.1% glucose, and 0.1% oleic acid plus 0.5% Tween 40. Cells were harvested and converted to spheroplasts, and their lysates were centrifuged at 1500 x g for 5 min and 25,000 x g for 15 min. The enzymes were measured by established procedures (17) and their activities are expressed as ,umol per min per fraction.
mutants were also examined for other properties such as the cytosolic nature of peroxisomal matrix enzymes (3-oxo-acyl-CoA thiolase and catalase) and the absence of morphologically distinguishable peroxisomes. These traits cosegregated with the inability to grow on oleic acid, suggesting that a single lesion was responsible. Backcrosses of the mutant strains to wild-type cells, yielding the diploid cells from which the tetrads had been derived, were able to grow on oleic acid; therefore, the mutations are recessive. In addition, complementation analysis showed that heterozygous diploid cells, formed by crossingpasl-] and pas2 strains, were able to grow on oleic acid, whereas homozygous diploids obtained from each of both mutants failed to do so. The same results were obtained with respect to the development of peroxisomes. Peroxisomes were present in the cross of pas]-l and pas2 strains (Figs. 1B and 2D (Figs. 1  and 2 ). The presence of soluble peroxisomal matrix proteins in the pas mutants stresses the analogy of these mutants to peroxisome-deficient cells of Zellweger patients in which different peroxisomal enzymes also have been detected as soluble proteins in the cytosol (25) (26) (27) (28) (29) . Recently, mutants without detectable peroxisomes have also been described of Chinese hamster ovary cells (30) .
A particular feature of the pas mutants described here is that when pas]l-and pas2 strains are crossed, the resulting diploid strain not only regains the ability to grow on oleic acid but also forms peroxisomes again (Figs. 1B and 2D) . A similar observation is reported for fibroblasts from patients with an impairment of multiple peroxisomal functions (31, 32) . The results in both yeast and fibroblasts seem to be inconsistent with the known manner of peroxisome biogenesis, which excludes organelle formation de novo (24, 33) . Accumulated evidence suggests that peroxisomal proteins are synthesized on free polyribosomes and are imported posttranslationally into preexisting organelles, which in turn grow and multiply * by division. However, very recently, it was shown for fibroblasts of a Zellweger patient that although intact peroxisomes were not present they do contain peroxisomal ghosts (11, 34) . This important finding implies that at least one defect in this disease resides in the protein import machinery.
Recently, mutants defective in the assembly of other cellular structures have been described-e.g., mas (35) , mif (36), certain sec (37, 38) , and rpt mutants (39) . The easy accessibility of S. cerevisiae to recombinant DNA technology makes this yeast an ideal system for a genetic approach. Therefore, the availability of pas mutants may greatly facilitate the molecular analysis of the various processes of peroxisomal protein assembly.
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